This paper investigates the effect of simultaneous mechanical and environmental loading on the degradation rate of pultruded Glass Fiber Reinforced Polymer (GFRP) composites. The experimental program included testing a large number of GFRP coupons, with vinylester or polyester matrices, conditioned for 1000 or 2000 hours under a wide range of sustained stresses and exposed to freshwater or saltwater at an elevated temperature of 60 • C. Mechanical tests, including tensile strength and elastic modulus measurements were performed on the GFRP composites. In addition, glass transition measurements, moisture uptake measurements, scanning electron microscopy, and acoustic emission testing were performed to better understand the synergistic effect of mechanical loading and environmental conditions.
Introduction
The use of Fiber Reinforced Polymer (FRP) composites in civil infrastructure is becoming increasingly more prevalent due to their high strength, light weight, and corrosion resistance. FRP composites are especially needed in certain corrosive environments where steel members may be severely affected [1] [2] [3] [4]. Among FRP composites, Glass FRP (GFRP) composites are one of the most common FRP materials 5 due to their lower cost compared to the other FRP materials, such as carbon FRP, and high quality and consistency in their production [5] .
During their service life, FRP composites are exposed to environmental loading, and therefore, their mechanical properties may degrade [6] [7] [8] . The degradation rate of GFRP composites may increase due to simultaneous action of mechanical and environmental loadings [9] . Mechanical loading can result in 10 cracking of composites which accelerates the ingress of moisture and aggressive agents into the composite, potentially resulting in the acceleration of the degradation processes [10] . The degradation of mechanical properties of GFRP composites remains to be a major concern in design of FRP structures and elements [11] . Due to these durability concerns, a high degree of conservatism is used in the design processes which leads to an increased cost of usage of GFRP composites. 15 A significant amount of research that discusses the effect of environmental exposure on the degradation of GFRP composites exists in the literature [12] [13] . The majority of these research efforts, however, have focused on durability and degradation rate of GFRP reinforcing bars. Among these investigations, only a few have considered the simultaneous effect of mechanical and environmental loading on the degradation of reinforcing bars [11] [14] [15] [16] [17] [18] [19] [20] [21] . 20 Research efforts studying the simultaneous effect of loading and environmental aging of pultruded GFRP structural profiles is even more scarce. Although it may be argued that the same durability behavior characterized by GFRP reinforcing bars may be expected from structural profiles, this is not essentially true since the structural profiles: (i) are not exposed to the alkali environment of concrete pore solution, (ii) are made of different materials especially due to the presence of surface veil, (iii) are produced using different material processing techniques which affects their structure and performance, and (iv) have a different crosssectional geometry and exposure boundary conditions as compared to reinforcing bars.
Fam et al. [22] performed an extensive research on the durability of pultruded GFRP composites. They exposed the GFRP specimens to 3% salt solution at temperatures ranging from 23 • C to 55 • C for up to 224 days. The maximum reduction in tensile strength of GFRP observed by these researchers was 38% for the 30 specimens that aged for 224 days at 55 • C. The accompanying reduction in modulus of elasticity was approximately 11% after 224 days of exposure. Fam et al. [22] performed scanning electron microscopy (SEM), showing debonding of fibers from the polymer matrix. The authors attributed the significant reduction in the strength to the deterioration of the interfaces.
McBagonluri et al. [23] studied accelerated aging of a glass/vinylester pultruded GFRP composite ex- 35 posed to freshwater (at 45 • C) and a 3.5% saltwater (at 65 • C). The samples showed close to 30% reduction in tensile strength and approximately 10% reduction in modulus following 5 months of conditioning. The authors did not observe a significant correlation between the rate of degradation (loss of tensile strength and elastic modulus) with the exposure solution type, suggesting that the type of the solution does not affect the degradation rate. In another study by Liao et al. [24] , a 30% reduction in tensile strength was observed for 40 the same materials used by McBagonluri et al. [23] after approximately a year (9120 hours) of conditioning in freshwater at room temperature. Very few studies have investigated the synergistic effect of mechanical loading and exposure to solutions at an elevated temperature. Abdel-Magid et al. [25] studied the effect of mechanical loading and moisture conditioning on the ultimate tensile strength (UTS) of unidirectional glass/epoxy composites. They loaded the specimens to 20% of their UTS and exposed them to moisture conditioning at room temperature for 3000 hours. This conditioning resulted in approximately 35% reduction of tensile strength of the composite. These authors also noticed significant fiber-matrix debonding in the composite and postulated that the debonding was a result of moisture penetration into the fiber/matrix interface.
Buck et al. [26] studied the simultaneous effect of a sustained tension and exposure to freshwater on the 50 degradation of infused glass-vinylester composites. The specimens in this study were subjected to 30% of their UTS for 700 hours. Their results indicated that the sustained loading appeared to only cause a slight increase in the strength loss. The authors did not observe any cracking after examining the SEM images. In this research, the simultaneous effect of mechanical and environmental loading on the degradation rate of structural, pultruded GFRP composites are studied. Specifically, we attempt to answer the following 55 question: Does simultaneous mechanical loading of pultruded GFRP, at stress levels encountered during the service life of structures, accelerate the rate of degradation due to environmental loading?
To answer this question, a series of experiments were performed in which vinylester and polyester GFRP coupons were exposed to simultaneous mechanical and environmental loading at an elevated temperature. The mechanical properties, tensile strength and elastic modulus, were evaluated after 1000 and 2000 hours 60 of exposure. In addition, glass transition measurements, moisture uptake measurements, scanning electron microscopy, and acoustic emission testing were performed.
In the following sections, the materials and methods used in this research are presented. This is followed by results and discussion. Finally, the conclusions of this study are presented. 
Materials and Method

General
The experimental program consisted of testing pultruded GFRPs with vinylester or polyester matrices subjected to simultaneous mechanical and environmental loading. The GFRP coupons were subjected to 0%, 10%, 20% and 30% of their UTS while simultaneously exposed to freshwater or saltwater at 60 • C. The mechanical properties of the material were evaluated after 1000 and 2000 hrs of exposure. A total of four 70 replicates were used for each composite at each condition. The mechanical tests included tensile strength and elastic modulus measurements. In addition to mechanical testing moisture content measurements, glass transition temperature measurements, Scanning Electron Microscope (SEM) imaging, and acoustic emission testing were performed. The test matrix is given in Table 1 .
In this work, structural pultruded composites were studied. These composites are commonly exposed to freshwater or saltwater during their service life. The freshwater used in the experimental program was distilled water, and the saltwater was a 3.5% NaCl (by mass in distilled water) aqueous solution to simulate seawater. The sustained stress levels in this work (Table 1) were chosen to represent the recommended design stress level (i.e., 20% of UTS) as well as load levels above and below this recommended level (i.e., 10% and 30%). Finally, the duration of exposure was based on the 2000-hr conditioning period recommendation of 80 ACI 440.3R-12 and a shorter period of 1000 hrs. Mechanical tensile testing was performed on a minimum of three replicates, while an additional specimen was used in the other material testings.
Rapid assessments of the long-term durability of FRPs require the use of accelerated aging tests [27] . Previous research indicated that increasing the conditioning temperature is the most common practice for accelerated aging when coupled with another environmental condition, such as exposure to freshwater or 85 saltwater. The appropriate temperature for accelerated aging conditions has been discussed in the literature and can vary between studies. Based on experimental findings, Robert et al. (2010) have recommended 60 • C (140 • F) as the maximum exposure temperature which can be used for accelerated aging [21] . This is also the temperature recommended by ACI 440.3R-12 for assessing durability of FRP reinforcing bars. Both polyester and vinylester GFRP coupons were cut from 240 cm × 120 cm × 0.635 cm (8 ft × 4ft × 1 /4 inch) plates. In this experimental program, all of the specimens for all of the tests, were cut from the same plate, at the same time, and were prepared identically. Both composite plates were commercially manufactured using a pultrusion process and had a resin surface veil. The coupons were dog-bone shaped and were cut using a precision water-jet. The use of a water-jet ensured a smooth transition in the tapered at room temperature. This pre-conditioning ensured the removal of any residual water from the cutting process and established a baseline for matrix resin curing. A gage width of 1.60 cm (≈ 5 /8 inch) was selected after several trials to ensure failure at the gage length. The sample geometry and its dimensions are shown 100 in Figure 1a .
After cutting and pre-conditioning, the cut edges of the specimens were lightly sanded by hand using fine sandpaper to remove any residual materials. A layer of epoxy coating was applied to the cut surfaces of the samples to minimize moisture penetration from these surfaces [28, 23, 29] . The epoxy coating was cured for 7 days in room temperature after application. Since the GFRP samples were loaded in tension during the 105 conditioning, the epoxy on the edge surfaces could potentially crack during the loading, possibly facilitating lateral moisture penetration. To avoid this possibility, a layer of flexible rubber sealant was applied on top of the epoxy layer at the cut edges of the samples. This simulated an exposure condition more closely representing the field exposure (i.e., moisture penetration through the surface veil).
Tapered aluminum tabs were used for mechanical testing and loading during the exposure. All aluminum 110 tabs were 7.62 cm (3 inch) long. The tabs had the same width as the samples (25.4 mm) and were 10.0 mm thick at the flat end and 5.0 mm thick at the tapered tip. The length of the tapered region of the aluminum tab was approximately 3.81 cm (1 1 /2 inch). To facilitate a better bond between the aluminum tabs and GFRP specimens, the aluminum tabs and the four outer faces of the GFRP samples (where tabs were installed) were sandblasted. Tabs were bonded to the GFRP coupons using a two-component epoxy.
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The epoxy was cured in room temperature for a minimum of seven days before loading.
In the case of samples conditioned under tensile loading, a 1.27 cm ( 1 /2 inch) hole was drilled through the tabs and GFRP (using a drill press) to mount the specimens in a loading frame ( Figure 1b ). The gage length of the specimens were encapsulated in a piece of clear PVC pipe as shown Figure 1b . The PVC pipes were then filled with exposure solution (freshwater or saltwater) and loaded at the desired stress level (10, 120 20, and 30% of the ultimate tensile strength).
For each GFRP composite type (i) a total of 5 specimens were used in initial testing to characterize the unconditioned materials (after pre-conditioning), (ii) a total off 8 specimens were used to characterize GFRP composites after thermal post-curing, and (iii) a total of 64 specimens were used to characterize GFRP composites after simultaneous environmental and mechanical loading (4 loadings × 2 solutions × 2 125 durations × 4 replicates = 64). Table 1 provides the summary. For the simultaneous environmental and mechanical loading, a set of six identical loading frames were manufactured using HSS 10×10×1 cm (4×4× 3 /8 inch) sections. Figure 1c depicts a photograph of three of the frames bolted together in a U-shape for stability. The size of the sections were calculated based on linear elastic analysis using the SAP software. The specimens were mounted in the frames using female clevis rod 130 ends connected to 1.27 cm ( 1 /2 inch) diameter threaded rods. The threaded rods passed through the holes in the top HSS members of the loading frames. Loading was applied to the samples by tightening nuts on the threaded rods. A 2.54-cm (1-inch) long section of each threaded rod was milled down to a 0.80 cm ( 5 /16 inch) diameter, and a strain gage was installed on the milled section in the axial direction ( Figure 1c ). This instrumented threaded rod functioned as a load cell to monitor the applied loading to each sample. Each 135 of the threaded rod load cells were individually calibrated. The frames were then placed in a controlled temperature environmental chamber at 60 • C. The load level for each specimen was monitored daily for the first 30 days and weekly afterward for the duration of the test to ensure a constant load level. The magnitude of the loads for each stress level are reported in Table 1 .
Tensile Strength Testing 140
All the tensile tests were performed according to ASTM D 3039 (Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials) using a standard MTS Q-Test equipment. A displacement controlled setup with a rate of 1.27 mm/min (0.05 inch/min) was used. The strain was measured using a 5-cm (2-inch) Epsilon extensometer. The extensometer was placed symmetric with respect to the center of the sample. All the data were collected at a rate of 2 Hz. The dimensions of each sample were measured at three different locations using a digital micrometer along the dog-bone gage length, and the average of the three values was used in stress calculations.
Acoustic Emission
Cracking and permanent deformation of materials results in the release of strain energy. The released strain energy, in turn, leads to the generation and propagation of elastic stress waves. These stress waves 150 cover a wide range of audible and inaudible frequencies and are known as acoustic waves. Passive acoustic emission, referred to here as simply Acoustic Emission (AE) describes a technique that captures and digitizes the acoustic waves in the form of electric signals at the surface of a material or structure [30, 31] . To convert the captured acoustic waves into electrical signals, piezoelectric sensors are used. AE as a a non-destructive testing method can be used to monitor damage and crack formation in a variety of structural materials 155 including FRP composites, concrete, wood, and steel [32] [33] [34] [35] [36] [37] [38] [39] [40] . AE was used, in this work, to monitor the onset of cracking in the GFRP composites during tensile loading to better understand the effect of stress levels on the cracking of GFRP composites.
In this work, AE sensors with a peak frequency of 650 kHz and frequency range of 1 Hz -1 MHz were used with a Vallen AMSY−6 AE acquisition system. AE sensors were mounted on the samples using pure 160 silicone adhesive. Four AE sensors were placed at 12.0, 16.5, 26.5, and 31.0 cm from one end of the samples (symmetric with respect to the entire length of the sample). These locations were chosen such that one sensor was positioned at the end of each tapered region, and two sensors were within the gage length. The two inner sensors were adequately spaced to ensure the extensometer was placed at the center of the gage length. It should be noted that, in principle, only one sensor would suffice to obtain the results presented 165 in this paper. We, however, have used four sensors to be able to triangulate the location of the AE events. The results of location analyses have been reported elsewhere [41] . Figure 2 illustrates a photograph of a GFRP specimen during tensile loading and AE monitoring. 
Glass Transition
Glass transition temperature (T g ) measurements were performed using a Differential Scanning Calorime- Temperatures by Differential Scanning Calorimetry). ASTM E1356−08 recommends equilibrating the samples at a temperature that is approximately 50 • C below the particular transition of interest. Initial trials showed that the glass transition temperature for the polyester GFRP, which was smaller than vinylester, was approximately 50 • C. Therefore, all samples were equilibrated at 0 • C, satisfying the requirement for both polyester and vinylester GFRP. The samples were then heated at a rate of 10 • C/min, as recommended by ASTM E1356−08, up to 200 • C, approximately 50 • C above the transition temperature for the vinylester samples. Measurements were performed on three different specimens taken from a single sample. The reported glass transition temperature in this work is the average of the three values.
Moisture Uptake 180
Moisture uptake tests were performed on unconditioned vinylester and polyester GFRP specimens (after pre-conditioning as described in Section 2.2). The specimens were 5.0 cm (2.0 inch) long and 2.54 cm (1.0 inch) wide and were cut at the same time from the same plate that all specimens were cut from. The cut surfaces of the samples were sealed using epoxy and rubber sealant similar to the conditioned specimens to minimize lateral moisture penetration. Measurements were performed in both freshwater and saltwater at 185 room temperature (23 • C ±2) and at 60 • C ±5. Three replicates were used in each condition, resulting in a total of 24 specimens.
All the samples were preconditioned similar to the mechanical testing specimens prior to exposure to the solutions. The dry mass for each sample was measured using a digital scale with a precision of 0.1 mg. The samples were then placed in their respective solutions, supported on both ends to allow moisture ingress 190 through the top and bottom faces. Containers with the solutions at 60 • C ±5 were placed in an oven 24 hours prior to the start of the test to ensure that the solutions were at the desired temperature. Periodically, during the exposure duration, the samples were removed from the solutions and the surfaces were dried using a damp cloth. The mass for each sample was then measured. The total exposure duration for all specimens was approximately 2000 hours. 
Scanning Electron Microscope Imaging
Scanning Electron Microscope (SEM) imaging was performed to observe the cross-section and surface veil of the GFRP composites before and after loading up to 75% of the ultimate tensile strength. All of the SEM images were taken using a variable pressure S3200 Hitachi Scanning Electron Microscope.
Results and Discussion
200 Table 2 reports the mechanical properties and T g of control (unconditioned) vinylester and polyester GFRP composites. The mechanical properties of the two composites are very similar while their T g are significantly different. Table 2 , are ±26.2 MPa and ±17.8 MPa, respectively. It can be seen that, in general, the standard 215 deviations of unconditioned materials are within the range of those of the conditioned materials. Therefore, this variation in mechanical properties can be, in part, attributed to the inherent random nature of these composites [22] [42]. Further data showing variation in mechanical properties of unconditioned materials can be found in [41] . We note in here that the upper limit of standard deviations for the conditioned vinylester and polyester GFRP materials is significantly higher than those of the unconditioned materials. This in-220 creased upper limit of variation may be, in part, due to the tab and grip performance or variation in the load levels amongst samples. Further investigation may be necessary to quantify the contribution of grip performance and variation in the load levels to the scatter in the measurements. Note that tab failure during conditioning in polyester samples loaded to 30% of UTS resulted in loss of data in Figure 4d . that, for the composites studied in this research, the rate of degradation of the polyester composite was slightly smaller than that of the vinylester composite. (iii) No significant difference is observed between the exposure to freshwater and saltwater for either of the composites. (iv) No significant correlation is observed between the sustained stress level during the conditioning and the residual strength. (v) In some instances, 8 it seems that the composites have gained strength beyond the initial unconditioned tensile strength (error 235 bars exceeding 100%). The same observations as above can be made in Figures 5 and 6 where the residual elastic modulus of vinylester and polyester GFRP composites are shown. Various research studies have also discussed an increase in strength following conditioning at elevated temperatures, most likely due to post-curing effects and additional cross-linking of polymer chains [11] [43] [17] . With regards to the last observation above, it seems that two opposing processes have occurred during 240 the conditioning of GFRP composites: (1) the degradation of the composite, resulting in a decrease of mechanical properties, and (2) post-curing of the composite, resulting in an increase of tensile strength. The resulting observed degradation is, in fact, the overall effect of the two processes.
To verify post-curing, T g and tensile strength measurements were performed. T g measurements were performed on samples after conditioning for 1000 and 2000 hrs in air, freshwater, and saltwater at 60 • C. Figure 7 illustrates the results in terms of normalized T g of the conditioned materials to the T g of the corresponding unconditioned material. The T g of the unconditioned material is reported in Table 2 . Each data point is an average of three different samples and error bars indicate standard deviation. Note that all the data within each vertical rectangle have the same conditioning duration and are separated only for illustration. 250 Figure 7 clearly shows that, during conditioning, the T g of polyester composites increase approximately 50% and the T g of vinylester composites increase approximately 2-3%. The significant increase of polyester T g as compared to that of vinylester, in part, explains the reason for lower degradation of mechanical properties of polyester composite as compared to vinylester composite. The results indicate that polyester undergoes more post-curing during conditioning as compared to vinylester. Also, in Figure 7 , no correlation 255 is observed between the exposure condition and the increase of T g , indicating that temperature and duration of post-curing are more dominant factors in post-curing. The residual strength of the samples after post-curing in air are reported in Table 3 . Again, the results are expressed as a percentage of the unconditioned strength. The results show a higher strength gain for polyester as compared to vinylester composite which is consistent with T g measurements in Figure 7 . Clearly, 260 the results in Figure 7 and Table 3 confirm the presence of post-curing for both materials. A rather simple method to account for the effect of strength gain due to the post-curing is to normalize the tensile strength after conditioning to the post-cured strength reported in Table 3 . It should be noted that in such an approach the implicit assumption is a linear superposition of degradation and post-curing processes, while in fact, a nonlinear coupling may exist between these two processes. The normalization to 265 the post-cured strength, therefore, has some limitations but provides a first-order approximation to account for the effect of post-curing in the results. Figures 3 and 4, Figures 8 and 9 show that the degradation of tensile strength is independent of the applied stress levels. Thus, the results indicate no significant correlation exists between the degradation rate of tensile strength and the applied stress level during conditioning. To better ascertain an understanding of the effects of applied loading during conditioning, AE testing was performed on both GFRP composites. Figure 10 illustrates the distribution of the peak amplitude of the captured acoustic events at different 280 stress levels for both the vinylester and polyester composites. The stress level is expressed as the percentage of UTS. In this figure, a vertical line is drawn at 30% of UTS which corresponds to the highest sustained stress level during conditioning. It is clear that the majority of AE events occur at stress levels above 30% of UTS, indicating that minor cracking occurs at stress levels below 30% of UTS. This explains the observed independence of degradation rate of mechanical properties from the applied stress level during the 285 conditioning period. The effect of sustained loading during conditioning on the degradation rate may have been observed if higher stress levels would have been used in this work. However, in general, composites are designed for a maximum of 20% of their tensile strength. Considering higher load levels would have deviated the degradation mechanism from that of the in-service behavior, yielding unrealistic results. Whether higher 290 stress levels than 30% of UTS have a synergistic effect on the environmental degradation remains an open research question.
Similar to
We would like to mention that conditioning under sustained tensile load is a very expensive and time consuming test procedure. Since the results above suggests that load levels typically encountered during the service life do not affect the degradation rate, it would be logical to perform durability tests without 295 sustained loading.
It should be noted that all AE measurements, reported in Figure 10 , were performed on unconditioned specimens to identify the stress levels that result in significant cracking. If AE measurements are performed on conditioned materials that were previously loaded, the presence of Kaiser effect should be taken into consideration in the interpretation of the results. More information about this behavior of FRP composites studied in this work can be found elsewhere [41] . Figure 11a illustrates a SEM image of the cross-section of polyester GFRP composite before loading. The image covers the entire width of the composite cross-section (surface to surface, 0.635 cm ( 1 /4 inch)). It can be seen that the cross-section is not entirely uniform and this non-uniformity is one of the reasons for the observed scatter in the measured mechanical properties. It is also noted that a small defect is observed 305 in the cross-section, likely due to impregnation issues. Figures 11b and Figure 11c illustrate two SEM images of the cross-section of a polyester specimen after loading to 75% of its UTS. These two images are selected from a large number of images and are the only images which displayed any defects. Therefore, the authors believe that these defects are most likely pre-existing defects, similar to Figure 11a , and may not be a result of loading. Figure 11d illustrates a SEM image from the surface veil of the polyester GFRP. A discrete crack is observed in this figure. Multiple such discrete cracks in the resin surface veil were observed in SEM images after loading to 75% of the UTS, and none were observed in specimens before loading. Figure 11e illustrates a closeup image of a portion of the same discrete crack shown in Figure 11d (highlighted rectangle). The SEM imaging results indicate that while surface veil cracking is observed when the specimens are loaded up 315 to 75% of their UTS, cracking within the cross-section is not as likely. Additionally, when observing the AE results presented in Figure 10 , a large number of events occur after 75% of the UTS. Thus, it is postulated that a large portion of the AE events displayed prior to 75% UTS can be attributed to cracking in the surface veil. Finally, we would like to comment on the difference in the rate of degradation of mechanical properties be-320 tween composites conditioned in freshwater versus saltwater. To this end, we quantify the rate of absorption of freshwater and saltwater is composites. Figure 12 shows the fluid absorption of both GFRP composites as a function of time at 23 • C (room temperature) and 60 • C. In all graphs in Figure 12 , polyester shows a higher rate of absorption as compared to vinylester. Also the rate of absorption increases significantly with temperature. A comparison of Figure 12a with 12b, as well as Figure 12c with 12d, indicates that, for a 325 given temperature, the rate of absorption of freshwater is only marginally higher than the rate of absorption of saltwater. The results of Figure 12 , therefore, support the observations in Figures 8 and 9 , indicating no significant difference in the degradation rate of composites conditioned in freshwater or saltwater. 
Conclusions
The research question of the present paper was: Does simultaneous mechanical loading of pultruded 330 Glass Fiber Reinforced Polymers (GFRP), at stress levels encountered during the service life of structures, accelerate the rate of degradation due to environmental loading? To answer this question the durability of structural pultruded GFRP was studied under simultaneous mechanical loading and exposure to freshwater or saltwater at 60 • C. The GFRP composites were subjected to direct tensile stress at 0, 10, 20, and 30% of their ultimate tensile strength. After 1000 and 2000 hours of conditioning, the tensile strength and elastic modulus measurements were performed on the composites. In addition, acoustic emission testing, glass transition measurements (T g ), scanning electron microscope (SEM) imaging, and moisture uptake measurements were performed.
The results indicate that no significant correlation was observed between the sustained stress level and the rate of degradation of the mechanical properties of the composites. This indicates that no synergistic effect on the degradation rate of pultruded GFRP exists between mechanical and environmental loading at stress levels encountered during the service life of FRP structures.
The results further indicate that two simultaneous processes occur during conditioning: (i) degradation of mechanical properties and (ii) post-curing of the composite due to the exposure to elevated temperatures, as displayed by the increase of T g and strength after post-curing. While a nonlinear coupling may exist between 345 the two processes, the effect of post-curing, in this work, was considered by comparing the mechanical properties of the conditioned composites to those of post-cured composites. The results indicate that the strength of vinylester GFRP decreased 8-10% after 1000 hrs of conditioning and 10-20% after 2000 hrs of conditioning in both freshwater and saltwater. Similarly, the strength of polyester GFRP decreased 5-15% after 1000 hrs of conditioning and 15-18% after 2000 hrs of conditioning in both freshwater and saltwater.
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Acoustic emission testing showed minimal acoustic emission events at load levels up to 30% of ultimate tensile strength, indicating minimal cracking of the GFRP composites at these load levels. Since no significant cracking occurs in composites at load levels up to 30% of ultimate tensile strength, the mechanical loading during conditioning did not accelerate the rate of degradation. In addition, SEM imaging of composites loaded up to 75% of their ultimate tensile strength did not reveal any significant cracking within the microstructure of the material.
We would like to finally remark that conditioning under sustained tensile load is a very expensive and time consuming test procedure. Since the results above suggest that at load levels up to 30% of ultimate tensile strength the rate of degradation is not affected, it is logical to perform durability tests without sustained loading, if conditioning up to 2000 hrs is considered. The synergistic effect of mechanical and environmental 360 loading at conditioning durations above 2000 hrs or stress levels above 30% of UTS, remains an open research question. Simultaneous sustained loading may accelerate the rate of degradation if higher stress levels, greater than 30% of the UTS, are used. However, in general, composites are designed for a maximum of 20% of their tensile strength, and considering higher load levels will likely change the degradation mechanism from that of the in-service behavior, yielding unrealistic results.
